Introduction
============

Gliomas are classified by the World Health Organization according to their morphologic characteristics into astrocytic, oligodendroglial and mixed tumours \[[@b1]\]. Gliomas comprise the majority of primary brain tumours diagnosed \[[@b2]\]. Due to the infiltrative and invasive nature of gliomas, surgery is rarely effective, that is after surgical removal tumours recur predominantly within 1 cm of the resection cavity \[[@b4]\]. Despite modern diagnostics and treatments the median survival time for patients with aggressive gliomas, glioblastoma multiforme, does not exceed 15 months \[[@b5]\].

Numerous intracranial rat brain tumour models have been used to study gliomas, including some that are aggressive. The C6 intracerebral rat model for gliomas is well accepted for experimental studies and has been extensively used by numerous investigators \[[@b7]\]. C6 glioma tumours in rats have been previously shown to have significant degrees of invasion characterized by a diffuse infiltrating border where individual cells invade the surrounding brain tissue, and that these characteristics closely resemble natural gliomas \[[@b8]\]. The C6 glioma model resembles a medium (grade II) to high-grade glioma (grade IV, glioblastoma multiforme) in humans \[[@b12]\].

The poor prognosis associated with high-grade gliomas in humans may perhaps improve if earlier and more accurate diagnoses can be made. A tumour marker of interest is the tyrosine kinase receptor, c-Met, for the hepatocyte growth factor (HGF). The c-Met proto-oncogene encodes a 190 kD transmembrane tyrosine kinase glycoprotein composed of a transmembrane βsubunit of145 kD, with both extracellular and intracellular components, and a 50 kD extracellular αsubunit \[[@b14]\]. The latter was identified as the receptor for a polypeptide known as HGF found on several cell types mainly of epithelial origin. c-Met is crucially involved in invasive cell growth and motility during embryogenesis, and has been detected in many invasive tumours, including gliomas, meningiomas, colorectal cancer, uveal melanomas, thyroid carcinomas, breast carcinomas, gastric carcinomas, hepatocarcinomas and sarcomas \[[@b15]\]. Expression of HGF has been shown to be associated with poor prognosis of malignant gliomas, and HGF has also been used as a predictor for recurrence of meningiomas \[[@b20]\]. Both HGF and c-Met have emerged as key determinants of brain tumour growth and angiogenesis \[[@b21]\].

With the use of magnetic resonance imaging (MRI) morphological and functional processes can be studied *in vivo* and non-invasively, allowing serial studies in experimental animals and humans to be conducted. In human glioblastomas, MRI typically reveals a central 'ring-enhancing mass', with contrast enhancement, emerging from within the infiltrative glioma and rapidly expanding outward \[[@b23]\]. The histopathologic features that can be used to distinguish glioblastoma from lower grade gliomas are mainly found near this contrast-enhancing rim, and these include foci of necrosis and microvascular hyperplasia, a form of angiogenesis \[[@b23]\].

MRI, whose images are constructed from the water content of the body, has considerably improved pathological diagnosis by detecting and localizing lesions to a certain extent, however molecular-specific information is often lacking. *In vivo* visualization of cell surface antigens and/or receptors can be done by using MRI molecular-targeted agents. This method relies on the specific labelling of extracellular cell surface receptors or antigens with a MRI-targeted contrast agent. The contrast agent MRI probe can be specifically targeted by a monoclonal antibody (mAb) which binds with high affinity to the receptor or antigen. Gadolinium (Gd)-based contrast agents have traditionally been used for non-specific contrast-enhanced clinical MRI. The Gd-based contrast agents provide a strong positive T~1~ relaxation contrast. For instance, this approach has been successfully used to image with MRI the neovasculature in angiogenic tumours with Gd-labelled polymerized liposomes targeted against the αvβ~3~ integrin expressed on neovascular endothelium \[[@b24]\]. Konda *et al.* (2001) used a polyamidoamine (PAMAN) folate-dendrimer conjugated to folic acid and Gd-DTPA to specifically target the high-affinity folate receptor (hFR), which is overexpressed in more than 80% of ovarian tumours, *in vitro* in mouse erythroleukemia cells and *in vivo* in ovarian tumour xenografts, as another approach to amplify the amount of Gd reaching the tumour site \[[@b27]\]. A study by Artemov *et al.* (2003) used avidin-Gd-DTPA complexes targeted for tumour cells pre-labelled with a biotinylated anti-*Her-2/neu* mAb to obtain *in vivo* MR images of *Her-2/neu* expressing tumours in SCID mice \[[@b28]\].

In this study we used an intracerebral implantation C6 rat glioma model, to visualize for the first time increased *in vivo* expression of the c-Met antigen in neoplastic lesions with the use of a molecular-targeted compound with a MRI contrast agent, Gd-DTPA-albumin coupled to an Ab specific for c-Met.

Materials and methods
=====================

Intracranial rat brain tumour models
------------------------------------

The heads of anaesthetized rats (male Fisher 344) were immobilized (stereotaxic unit; Stoelting, USA) and using an aseptic technique, a 1 mm burr hole was drilled in the skull 2 mm anterior and 2 mm lateral to the bregma on the right side. A 25 μl gas-tight Hamilton syringe was then used to stereotactically inject 10^4^ rat C6 glioma cells (in 10 μl of Dulbecco\'s-modified Eagle\'s medium supplemented with ultra-low temperature gelling agarose) into the right frontal lobe at a depth of 3 mm relative to the dural surface \[[@b29]\]. C6 cell lines (ATCC) were maintained and expanded immediately prior to inoculation. Following injection, the skin was closed with a surgical suture \[[@b31]\]. Rats were maintained on a choline-deficient (CD) diet, since the tumour cells used were previously found to be tumourigenic in CD Fisher rats \[[@b33]\]. MRI molecular targeting experiments were carried out 17--21 days after the initial injection of cells.

Syntheses of c-Met-specific MRI contrast agents
-----------------------------------------------

To recognize the c-Met antigen, a mouse monoclonal antic-Met Ab to the -chain of c-Met (145 kD), which has an extracellular domain \[[@b34]\] (Met (B-2): sc-8057, Santa Cruz Biotechnology, Inc., CA, USA), was used. The contrast material, biotin-BSA (bovine serum albumin)-Gd-DTPA, was prepared by a modification of the method of Dafni *et al.* (2002) \[[@b35]\]. The biotin moiety was added to allow subsequent histological fluorescence localization. Biotin-BSA-GdDTPA was synthesized as follows: BSA (8 μmol; Sigma) was dissolved in 0.1 M sodium bicarbonate (pH 8.5). Sulfo-NHS-Biotin (53 μmol; Pierce) was dissolved in double distilled water and was added to BSA while stirring. The reaction mixture was stirred for 1 hr at 4°C and an additional 2 hrs at room temperature. The dialyzed product in 0.1 M Hepes buffer (pH 8.8) was reacted with diethylene triamine pentaacetic acid anhydride (DTPA, 1.4 mmol; Sigma) and suspended in dimethyl sulfoxide (DMSO) at room temperature. DTPA was added in small portions and the pH was adjusted immediately after each addition to 8.5 with 5 N NaOH. The reaction mixture was stirred for 2 hrs at 4°C and extensively dialyzed against cold 0.1 M citrate buffer (pH 6.5). Finally, gadolinium (III) chloride (GdCl~3~, 0.67 mmol; Sigma) in 0.1 M sodium acetate buffer (pH 6.0) was added gradually and the mixture was stirred for 24 hrs at 4°C. The product, biotin-BSA-Gd-DTPA, was extensively dialyzed with cold citrate buffer (0.1 M, pH 6.5), then with double distilled water, and subsequently lyophilized. The contrast material biotin-BSA-Gd-DTPA was conjugated with the anti-c-Met Ab through a sulfo-NHS-EDC link between albumin and Ab according to protocol of Hermanson \[[@b36]\]. Briefly, to the solution of biotin-BSA-Gd-DTPA (9.7 mg/ml in double distilled water), a quantity of EDC (1-ethyl-3-\[3-dimethylamino-propyl\] carbodiimide hydrochloride), and sulfo-NHS were added to obtain final concentrations of 0.05 M EDC and 5 mM sulfo-NHS. The solution was mixed and reacted for 15 min. at room temperature. This activated solution was added directly to the solution of Ab (anti-cMet, 200 μg/ml) for conjugation. The mixture was left to react for at least 2 hrs at room temperature in the dark. The product was lyophilized and subsequently stored at 4°C and reconstituted to a desirable concentration in phosphate buffered saline (PBS) for injections \[[@b35]\]. The final amount of the product, anti-c-Met-biotin-BSA-Gd-DTPA that was injected (200 μl) into the rat (i.v. *via* tail vein) was estimated to be 200 μg anti-c-Met and 100 mg biotin-BSA-Gd-DTPA per injection. A normal rat IgG-biotin-BSA-Gd-DTPA agent was used as a control. This agent was used since it has a similar molecular weight to the anti-c-Met-biotin-BSA-Gd-DTPA agent, but is however non-immunogenic and non-specific for c-Met, that is should not specifically bind to tumour or normal tissues. The same procedure was followed (normal rat IgG obtained from a healthy rat population; cat. no.20005-1; Apha Diagnostic International, San Antonio, TX, USA) for the preparation of this agent as was carried out for the anti-c-Met targeting agent.

MRI
---

MR equipment used was a Bruker Biospec 7.0 Tesla/30 cm horizontal-bore imaging spectrometer. MR experiments were carried out under general anaesthesia (1--2% Isoflurane and 0.8--1.0 L/min O~2~). Images were obtained using a Bruker S116 gradient coil (maximum gradient strength 200 mT/m), in a cross-coil setup consisting of a rat head surface coil for RF (radio frequency) signal reception, and a 72 mm quadrature multi-rung coil for RF transmission. Anaesthetized restrained rats were placed in an MR probe, and their brains localized by MRI. Rats were then injected intravenously with c-Met antibodies tagged with the Gd-albumin-based anti-c-Met contrast agent (5 ml/kg; 1 mg Ab/kg; 0.4 mmol Gd^3+^/kg) \[[@b24]\]. Multiple ^1^H-MR image slices were taken in the transverse plane using a multi-spin echo (SE) multi-slice (MS) sequence (MSME; repetition time (TR) 2.4 sec., echo times (TE) 17.4 (T~1~-weighted) and 63.9 (T~2~-weighted) ms, 128 × 128 matrix, four steps per acquisition, 3.5 × 3.5 cm^2^ field of view, 1 mm slice thickness). The T~1~-weighted images provided good anatomical detail of the rat brain, and the T~2~-weighted images provided sufficient contrast for tumour location. For T~1~ relaxation measurements, a variable TR spin-echo sequence (multiple TRs of 200, 400, 800, 1200 and 1600 ms) was used to obtain data before and after contrast agent injections for a period of 3 hrs. Other MR parameters were similar to those used for the MSME images. T~1~ values were calculated from specific region-of-interests (ROIs) within normal brain and glioma regions. A decrease in T~1~ relaxation and a corresponding increase in MR signal intensity indicated specific binding of Gd-based anti-c-Met probes in regions within the gliomas.

Following MRI experiments, rats were euthanized (gas CO~2~ inhalation), and brains were immediately extracted and fixed for fluorescence staining.

Relative concentration maps for contrast agents
===============================================

At all time points, the individual *T1* values of all pixels were estimated from their signal intensities *S*(*TR*) by a numerical non-linear fitting procedure against the following equation (1)\[[@b37]\]:

where *T~R~* is the repetition time (units: ms), is the signal intensity (integer machine units) at and *T~E~*= 0 and *T*~1~ is the longitudinal relaxation time constant (units: ms). The relative contrast agent concentrations *C* (units: M) were then computed for each pixel by assuming a proportional relation to differences in relaxation rates \[[@b37]\], as described in equation (2).

The values for *T*~1~(*C*= 0) were taken from a measurement done prior to contrast agent injection. Relative concentration maps were then generated using a colour gradient from black (absence of contrast agent) to white (maximal concentration measured). All computation steps were performed using Mathematica 6.0 (Wolfram Research, Champaign, IL, USA).

Fluorescence staining
---------------------

Indirect immunofluorescence staining of c-Met was done by incubating brain tissue cryosections with rabbit anti-c-Met antibodies followed by donkey anti-rabbit IgG-Cy3 in phosphate-buffered saline containing 0.1% v/v saponin. Brain tissue (glioma tissue and normal tissue in the contralateral side) was obtained following MRI investigations and *in vivo* intravenous administration of the molecular probes (anti-c-Met-, non-Ab- and normal rat IgG-biotin-BSA-Gd-DTPA agents) on the same animals. Staining for the biotinylated Gd-DTPA-albumin-anti-c-Met agent was done using a Cy3-labelled streptavidin to bind to the biotin functional group on the molecular-targeted agent. Stained tissue slices were viewed and photographed with a Nikon C1 confocal laser scanning microscope (Nikon Instruments, USA).

Western blots
-------------

Frozen tissue was weighed and sliced into thin pieces using a razor blade and then subsequently thawed in lysis buffer containing proteases and phosphatase inhibitors. Tissues were further disrupted and homogenized at 4°C, incubated on ice for 30 min., transferred to microcentrifuge tubes and centrifuged (10,000 *g*, 10 min., 4°C). The supernatant fluid was the total cell lysate. Several centrifu-gations were necessary to obtain a clear lysate. After determining the total protein concentrations, the lysates were separated on SDS-PAGE (Bio-Rad, Emeryville, CA, USA), and transferred to nitrocellulose membranes. Western analysis was done using antibodies against c-Met (as described above). Secondary antibodies were labelled with horseradish peroxidase. The enhanced chemiluminescent (ECL) Advance Western Blotting Detection Kit (Amersham Biosciences, Piscataway, NJ, USA) was used to detect immunoreactive proteins.

Statistical analysis
--------------------

A Student\'s two-tailed t-test was done between treatment groups, and brain tissue regions of interest in normal (N) and tumour periphery (TP) and interior (TI) regions. A *P*-value \<0.01 or \<0.05, measured between regions of interest (ROIs) or treatment groups, was considered statistically significant. Data is represented as means ±standard deviations.

Results
=======

The C6 tumour model has been characterized in our laboratory regarding tumour volumes, tumour growth rates and expected mortality. The tumour doubling time for this glioma model is on average 2.6 days \[[@b38]\]. Mortality due to the glioma occurs between 17--26 days (average of 23 ± 3 days) following intrac-erebral implantation of C6 glioma cells \[[@b38]\].

Prior to molecular-targeted experiments, we initially established whether c-Met was overexpressed in the C6 glioma model. [Fig. 1A](#fig01){ref-type="fig"} shows a Western blot for c-Met protein levels between normal (contralateral control side of the brain) and glioma tissues. [Fig. 1B](#fig01){ref-type="fig"} depicts the immunofluorescence detection of c-Met in glioma tissue, compared to normal brain tissue.

![(**A**) Western blot of c-Met in normal rat brain tissue, and a C6 glioma (18 days after implantation). (**B**) Immunofluorescence detection of c-MET (red florescence, 20x magnification) in (*i*) contralateral control brain tissue, and (*ii*) a glioma region in a C6-glioma-bearing rat (18 days after implantation of C6 cells). Nuclei are stained blue (Dapi).](jcmm0012-0174-f1){#fig01}

In order to detect c-Met overexpression in the gliomas, we used a Gd-DTPA-albumin-based molecular targeting agent (illustration in [Fig. 2](#fig02){ref-type="fig"}), of which the Gd-DTPA-albumin moiety was previously used as a vascular MR contrast agent \[[@b35]\]. Representative results using an albumin Gd-DTPA-based anti-c-Met molecular targeting agent in a C6 rat glioma model are shown in [Fig. 3](#fig03){ref-type="fig"}. [Figure 3(A--C)](#fig03){ref-type="fig"} depicts a series of T~1w~ MR images taken pre-target agent administration (A) and a few post-contrast images taken at (B) 25 min. and (C) 3 hrs following intravenous (tail vein) administration of the Gd-DTPA-albumin-anti-c-Met targeting agent. As can be seen, there was an uptake of the targeting agent over 3 hrs. More long-term evaluation indicated that the anti-c-Met targeting agent persisted in gliomas for at least 24 hrs, and the MR signal intensity started to return to normal after 48 hrs (data not shown). [Figure 3E](#fig03){ref-type="fig"} is a histological image obtained from the normal brain tissue, as outlined in [Fig. 3B](#fig03){ref-type="fig"}. [Figure 3G](#fig03){ref-type="fig"} is a histological slide obtained from the tumour border, as illustrated in [Fig. 3C](#fig03){ref-type="fig"}. [Figure 3H](#fig03){ref-type="fig"} is a histological image obtained within a tumour necrotic centre, as outlined in [Fig. 3C](#fig03){ref-type="fig"}. [Figures 3F and 3I](#fig03){ref-type="fig"} depict the fluorescence staining for the biotinylated Gd-DTPA-albumin-anti-c-Met targeting agent (3 hrs after administration and following *in vivo* MRI investigations and excision of normal and glioma tissues) with a Cy3-streptavidin that binds the biotin located on the molecular targeting agent in the glioma (I) *versus* the normal side of the brain (F). The Gd-albumin-anti-c-Met targeting agent was clearly bound to regions of the C6 glioma, whereas the normal contralateral tissue had low-immunofluorescence staining for the targeting agent.

![Biotinyl-BSA-Gd-DTPA-based molecular targeting agent. Anti-c-Met Ab was conjugated to the albumin *via* a sulfo-link (**B**). A similar procedure was used for a normal rat IgG probe used as a control, in addition to the (**A**) non-Ab control (biotinyl-BSA-Gd-DTPA without Ab). Diagram for biotinyl-BSA-Gd-DTPA modified from ref.[@b39].](jcmm0012-0174-f2){#fig02}

![T1-weighted MR images pre-(**A**) and post-administration (**B**) 25 and (**C**) 175 min.) of anti-c-Met molecular targeting agent in a C6 glioma (23 days after implantation). (**D**) Intensity difference image between (**A**) and (**C**). Histological slices were taken from the same rat that was imaged in [Figures 3A--D](#fig03){ref-type="fig"} within normal brain tissue (**E**), a tumour border region (G; displayed rotated by 90°), and within a tumour necrotic centre (**H**). Fluorescence staining (Cy3-labelled streptavidin) of the biotin moiety of the anti-c-Met targeting agent (red fluorescence) is shown in corresponding histological slices (tumour side, I, which is the same region as histological slice H; and control brain tissue, F, which is the same region as histological slice E; 20x magnification). Nuclei are stained with Dapi (blue fluorescence). Note specific binding of the anti-c-Met probe in glioma tissue shown in frame I.](jcmm0012-0174-f3){#fig03}

T~1~- and T~2~-weighted MR images following administration of the anti-c-Met probe ([Fig. 4A and B](#fig04){ref-type="fig"}) and relevant controls (no Ab \[[Fig. 4C and D](#fig04){ref-type="fig"}\] or normal rat IgG \[[Fig. 4E](#fig04){ref-type="fig"}\]) are shown in [Fig. 4](#fig04){ref-type="fig"}. T~2~-weighted images provided anatomical detail on tumour location, and T~1~-weighted images (3 hrs following probe administration) provided MR signal information on the presence of the Gd-based probe in glioma *versus* normal brain tissues.

![T1-weighted MR images (T1w) obtained at 3 hrs after administration of the anti-c-Met molecular targeting agent (c-Met) in rat C6 gliomas (at 23 and 17 days, respectively). Similar images have also been acquired at 3 hrs after administration of control non-Ab-Gd-DTPA-BSA (no Ab) in C6 gliomas (21 days after implantation), and control normal rat IgG-Gd-DTPA-BSA (IgG; 21 days after implantation) in C6 glioma-bearing rats. T~2~-weighted images (T2w) (with the exception of the central image in the bottom panel (no Ab; FLASH), which is a FLASH image) are displayed to help depict the gliomas, since they depict a stronger contrast between the tumour and the surrounding healthy tissue in comparison to T~1~-weighted images. Regions of interest used for signal intensity (SI) and T1 measurements in [Figure 5](#fig05){ref-type="fig"}, are displayed as red circles and labelled N for normal tissue, TI for tumour interior and TP for tumour periphery regions.](jcmm0012-0174-f4){#fig04}

Regional measurements of relative differences (difference between pre- and 3 hr after administration of relevant probes) for T~1~ values and MR signal intensities from ROIs (depicted in [Fig. 4](#fig04){ref-type="fig"}) obtained from T~1~ maps at 3 hrs post-contrast are shown in [Figure 5](#fig05){ref-type="fig"}. ROIs were picked from T~1~ maps based on high signal intensities. Previous MRI studies at 4.7 T have found that T~1~ values are 1024--1035 ms for normal rat brain (non-contrast) \[[@b41]\] and between 1217 ms (F98 rat glioma model) \[[@b41]\] and 1320 ms (9L rat glioma model) \[[@b42]\]. For this study at 7 T, where an increase in T~1~ as a function of field strength is well known \[[@b42]\], the pre-contrast T~1~ values in the normal brain and glioma regions were 1353--1375 ms and 1309 (tumour edge regions)-1430 (tumour interior regions) ms, respectively. In the tumour regions, there was a substantial decrease in T~1~ values and corresponding increases in MR signal intensities following administration of the anti-c-Met targeting agent, compared to normal brain. A repetition of this experiment is shown in [Figure 4B](#fig04){ref-type="fig"} with similar increases in MR signal intensities and corresponding decreases in T~1~ values within glioma regions, when compared to normal brain tissue regions ([Fig. 5](#fig05){ref-type="fig"}). Fluorescence detection of the anti-c-Met targeting agent in the gliomas depicted in [Figure 4B](#fig04){ref-type="fig"} was similar to results shown in [Figure 3F](#fig03){ref-type="fig"} and I for control brain tissue and gliomas, respectively. Control data for a non-Ab albumin-Gd-DTPA contrast agent ([Fig. 4C and D](#fig04){ref-type="fig"}), and a normal rat IgG-Gd-DTPA probe ([Fig. 4E](#fig04){ref-type="fig"}), are also shown in [Figure 5](#fig05){ref-type="fig"}. For the controls, there were minimal increases in MR signal intensity and related minimal changes in T~1~ values in the glioma regions. There was also very little differentiation in the MR signal intensity or T~1~ values between glioma and 'normal'brain tissues.

![Relative differences in regional (**A**) MR signal intensities and (**B**) relative probe concentrations (differences in relaxation rates \[1/T~1~\]\[10^−6^ M\]), as outlined in each T~1~-weighted image in [Figure 4](#fig04){ref-type="fig"}, following pre-and post-administration after 3 hrs, of the anti-c-Met molecular targeting agent (anti-c-Met) (region-of-interests \[ROIs\] shown in T1w c-Met images; in rat C6 gliomas at 23, and 17 days, respectively); pre- and post-administration, after 3 hrs, of non-Ab Gd-DTPA-BSA (non-Ab) in C6 gliomas at 21 days (from ROIs depicted in T1w no Ab images), and pre- and post-administration, after 3 hrs, of normal rat IgG-Gd-DTPA-BSA (rat IgG) in a C6 glioma at 21 days (from ROIs shown in T1w IgG images). Mean ± S. D. values for normal brain (N), tumour interior (TI) and tumour periphery (TP) are displayed in histograms. Significant differences were obtained if *P*-values were (\*) \<0.05, or (\*\*) \<0.01, between groups highlighted. For the normal rat IgG probe the number of regions sampled for TP and N was n = 1, that is no statistical data was obtained.](jcmm0012-0174-f5){#fig05}

The absence of non-specific binding of the contrast agent was also assessed ([Fig. 6](#fig06){ref-type="fig"}). No non-specific binding of the albumin-Gd-DTPA contrast agent alone in either the glioma or normal brain tissue was detected, and a targeting agent with a normal rat IgG as the Ab moiety, also did not bind with much specificity to glioma or normal brain tissue, as compared to the anti-c-Met molecular targeting agent. For comparison, fluorescence staining for the biotin component of the anti-c-Met targeting agent only showed specificity of the probe in the glioma ([Fig. 3I](#fig03){ref-type="fig"}). Fluorescent staining was done 3 hrs following *in vivo* administration of relevant specific- and non-specific probes, MRI investigations, and subsequent removal of glioma and normal brain tissues.

![T2-weighted MR images of rats with gliomas administered with either (**A**) albumin-Gd-DTPA-biotin, or (**B**) normal rat IgG-albumin-Gd-DTPA-biotin. Outlined regions depict areas where fluorescence images were obtained following *in vivo* administration of probes. These control probes depict a lack of non-specific binding in normal (**i**) and glioma (**ii**) tissues that have undergone fluorescent staining (Cy3-labelled streptavidin) for the biotin moiety on each probe. Fluorescence staining of the biotin group on albumin-Gd-DTPA (non-specific, non-Ab) and the normal rat IgG (non-specific) probes in C6-treated rats with gliomas (Aii and Bii, respectively), and their respective normal brain tissues (Ai and Bi) on the contralateral side (magnification 20x). For a comparison see Fig.3I, which shows specificity of the anti-c-Met probe in glioma tissue.](jcmm0012-0174-f6){#fig06}

[Figure 7](#fig07){ref-type="fig"} depicts the T~1~ values in rat gliomas that have been administered the anti-c-Met targeting agent (replicates, anti-c-Met1 and anti-c-Met2), in both the glioma (most central ROIs shown in [Fig. 4](#fig04){ref-type="fig"}) and 'normal'brain tissue regions. The specific ant-c-Met targeting agent remained in the gliomas after 3 hrs, whereas in 'normal' brain tissue T~1~ values regress back to pre-contrast values. Likewise, the non-specific IgG Gd-DTPA-albumin contrast agent T~1~ values in the tumour and 'normal' brain decrease in the first hour post-contrast agent administration, but regress back to pre-contrast T~1~ values at 3 hrs post-contrast agent administration. The non-Ab Gd-DTPA-albumin contrast agent had similar results to the IgG Gd-DTPA-albumin agent (results not shown).

![T1 values in glioma and normal brain tissue from representative rats administered anti-c-Met-biotinyl-albumin-Gd-DTPA (anti-c-Met1 and anti-c-Met2), or normal rat IgG-biotinyl-albumin-Gd-DTPA, in normal (N) and tumour (T) tissues. Note a decrease in T1 values over a period of 3 hrs in glioma (T) regions of C6 rats administered the anti-c-Met targeting agent, whereas T1 values for normal brain regions return to pre-contrast T1 values after 3 hrs post-contrast.](jcmm0012-0174-f7){#fig07}

Depicted in [Fig. 8](#fig08){ref-type="fig"} are probe concentration maps, derived from T~1~ maps, 3 hrs following administration of either the anti-c-Met probe ([Fig. 8A](#fig08){ref-type="fig"}), the no Ab control ([Fig. 8B](#fig08){ref-type="fig"}), and the normal rat IgG control ([Fig. 8C](#fig08){ref-type="fig"}). A noticeable change in the apparent probe concentration was only observed for the anti-c-Met probe treated rat gliomas ([Fig. 8A](#fig08){ref-type="fig"}), when compared to normal brain tissue and controls in glioma tissue.

![(**i**) Morphological images of rats with C6 gliomas treated with (**A**) the anti-c-Met probe (T1w image, 3 hrs after anti-c-Met probe), (**B**) the non-Ab non-specific control biotinyl-albumin-Gd-DTPA contrast agent (FLASH image) and (**C**) the non-specific control normal rat IgG probe (T2w image). (**ii**) Apparent probe/contrast agent concentration maps derived from T1 maps at 3 hrs after probe/contrast agent administration (subtracted from the pre-contrast T1 map), for the same treatment groups as in (**i**).](jcmm0012-0174-f8){#fig08}

Discussion
==========

Morphological MRI was used to detect the location and size of the C6 gliomas. Tumour volumes (calculated from tumour area measurements of multiple MRI slices using NIH ImageJ) range from 150--320 mm^3^ at 17--21 days following intracerebral implantation of C6 rat glioma cells (*n*= 5) \[[@b38]\]. Morphological MRI provided the necessary time-points for establishing when to administer the anti-c-Met targeting agent to visualize overexpression of c-Met in late-stage gliomas.

The multi-functional growth factor scatter factor/hepatocyte growth factor (SF/HGF) and its tyrosine kinase receptor, c-Met, have been implicated in the genesis and malignant progression of multiple human malignancies. SF/HGF is a multi-functional growth factor and its receptor, c-Met, both play a critical role in the regulation of cell growth motility, morphogenesis and angiogenesis \[[@b15]\], and has been implicated in the malignant progression of gliomas \[[@b16]\]. Activation of tumour endothelial c-Met also induces extracellular matrix degradation, tubule formation and angiogenesis *in vivo*\[[@b21]\]. Activation of c-Met also leads to inhibition of apoptosis in tumour cells and vascular endothelial cells \[[@b21]\].

In intracerebrally implanted C6 rat gliomas we were able to detect higher levels of c-Met either in Western blots or fluorescence microscopic imaging ([Fig. 1](#fig01){ref-type="fig"}). The Western blots ([Fig. 1A](#fig01){ref-type="fig"}) depict c-Met for normal rat brain tissue, and a C6 glioma at 18 days after implantation of C6 glioma cells. We observed clearly higher c-Met levels in the C6 glioma tissue ([Fig. 1A](#fig01){ref-type="fig"}, right lane), when compared to the normal brain tissue ([Fig. 1A](#fig01){ref-type="fig"}, left lane), where c-Met levels were too low to be detected.

We have recently used the molecular-targeted MRI approach in being able to detect overexpression of c-Met in a rat hepatocarcinogenesis model \[[@b44]\]. In that model we used a super paramagnetic iron oxide (SPIO)-based anti-c-Met targeting agent to detect c-Met in hepatic nodules from a CD rat hepatocarcino-genesis model. Instead of an SPIO-based targeting agent, in the present study we decided to use a Gd-DTPA-albumin-based molecular targeting agent, which was previously used as a vascular MR contrast agent \[[@b35]\]. It is the vascular nature of the gliomas at later stages of development that we wanted to take advantage of in order to maximize delivery of the molecular-targeted probe.

The anti-c-Met Ab was coupled to the albumin moiety of the targeting agent. In addition, a biotin tag was included for subsequent fluorescence labelling and microscopic evaluation. Gd-DTPA-albumin has been previously used as a vascular contrast agent in various tumour models to assess neovascularization \[[@b45]\]. A biotinylated version of Gd-DTPA-albumin was also used to characterize neovasculature associated with ectopic ovarian xenotransplantation within rats \[[@b47]\] and lymphoangiogenesis associated with orthotopic implantation of MCF-7 human breast cancer cells in severe combined immunodeficiency (SCID) mice \[[@b48]\].

We used molecular-targeted imaging to visualize *in vivo* c-Met expression in C6 rat gliomas (shown in [Figs 3](#fig03){ref-type="fig"} and [4](#fig04){ref-type="fig"}). The Gd-based anti-c-Met-targeting agent was found to specifically bind to C6 glioma tissue, as shown by the relative probe concentration maps ([Fig. 8](#fig08){ref-type="fig"}), a decrease in T~1~ relaxation values ([Fig. 6](#fig06){ref-type="fig"}), increased relative probe concentrations in [Figure 5](#fig05){ref-type="fig"}, and an increase in MR signal intensities (see [Fig. 5](#fig05){ref-type="fig"}). We observed an uptake of the targeting agent over time, which stabilized over the 3 hrs time-point. The Gd-based anti-c-Met targeting agent was found to specifically bind to regions of the C6 glioma, as determined by immunoflu-orescence labelling of the biotin moiety of the anti-c-Met biotinyl-albumin-Gd-DTPA targeting agent (see [Fig. 3](#fig03){ref-type="fig"}) administered intravenously to rats with late stage gliomas (17--21 days following intracerebral implantation of C6 rat glioma cells, that is when tumours occupy \>25% of the affected cerebral cortex). Histological slices were obtained from the same rat that molecular-targeted MRI was obtained from in [Fig. 3](#fig03){ref-type="fig"}, using MRI spatial co-ordinates. Repeated samples indicated a similar response (histological fluorescence data not shown), in comparison to normal brain tissue regions or control samples administered the contrast agent (albumin-Gd-DTPA) alone or with normal rat IgG of similar molecular weight to the anti-c-Met molecular targeting complex (see [Fig. 5](#fig05){ref-type="fig"}).

[Figure 6](#fig06){ref-type="fig"} further supports the specific binding of the anti-c-Met targeting agent to gliomas only, as the T~1~ values remain decreased 3 hrs after administration of the targeting agent. Non-specific distribution of the anti-c-Met targeting agent in 'normal'brain tissue and non-specific distribution of the non-Ab labelled Gd-DTPA-albumin complex in both tumour and normal brain regions was clearly illustrated. It is also noteworthy that most of the anti-c-Met targeting agent was mainly distributed in the outer regions of the glioma, which may reflect the vascular nature of the tumour, and seem to be concentrated in the outer periphery regions of the tumour \[[@b38]\].

This distribution of the anti-c-Met targeting agent is further substantiated by the relative probe concentration maps generated from T~1~ maps. These relative concentration maps indicate that there was specific uptake of the anti-c-Met probe in peripheral glioma regions depicted in [Fig. 8A](#fig08){ref-type="fig"}, and no detected selective uptake in normal tissues. The significant increases of the relative concentration of the anti-c-Met probe in the tumours, particularly the peripheral regions, is due to the vascular nature of the gliomas and that the Gd-DTPA-albumin contrast agent framework is a blood-pool agent. The Gd-DTPA-albumin contrast-based probe is readily eliminated from tissue if it does not bind to specific receptors. The decreased levels of the anti-c-Met probe in the tumour interior may be due to the limited vascularity of the tumour in these regions. Relative concentrations of the no-Ab and normal rat IgG non-specific probes/contrast agents were low to non-detectable in either glioma or normal tissues at 3 hrs after administration.

The fluorescence labelling of the anti-c-Met targeting agent in the normal brain tissue did indicate some signal from the brain vasculature, which may be due to re-circulation of the targeting agent and/or shedding of c-Met into blood. It has already been established that c-Met expression is normally found to be low in the non-challenged vascular endothelium \[[@b23]\], eliminating the vascular endothelium as a source of c-Met that was detected in the vasculature by immunofluorescence tagging of the anti-c-Met targeting agent. Another possible explanation can be surmised from a report of the detection of soluble c-Met detected in plasma samples from mice that received UOK261 (human bladder carcinoma cells) xenografts \[[@b49]\]. Athauda *et al.* hypothesized that the increased plasma levels of c-Met were due to ectodomain shedding of c-Met which was overex-pressed in cancer \[[@b49]\]. They also found that the shedding rate correlated with malignant potential \[[@b49]\]. The uptake of the probes/contrast agents (both specific for c-Met and non-specific controls) in normal tissue was unusual as no damage to the blood-brain-barrier (BBB) was expected, however there still was some uptake of the probes in blood vessels as illustrated in [Fig. 3F](#fig03){ref-type="fig"}.

The results from this study clearly illustrate that the anti-c-Met Gd-DTPA-albumin-based targeting agent is specific for the detection of c-Met in gliomas *in vivo* with MRI. A practical application of this method would be to predict the malignant potential of a tumour.
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